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NATIONAL ADVISORY CObMTITEZ F(IR AERONAUTICS 

By Harold E. Sliney 

Studies were m a d e  to determine the   effect  of sl iding  velocity and 
anibient temperature on the   f r ic t ion  propert ies  and endurance l i f e  of 
t h in  lead monoxide (WO) coatings bonded t o  type 4404 matensf t ic   s ta in-  
less s tee l .   Ric t ion   coef f ic ien ts  were determined at ambient tempera, 
tures from 75O t o  125@ F with  sliding  velocities  ranging from 6 to 
10,000 f ee t  per minute. Endurance l f f e  was determined  over the same 
temperature  range at   s l iding  veloci t ies  of 350 and 2400 f ee t  per minute. 
For reference, bonded molybdenum sulfide (Moa)  coatings were as a 
standard at a sliding  velocity of 350 f e e t  per minute and temperatures 
of 75O and 500' F. 

Iu general ,   the  friction  coefficieut of PbO decreased  with  increas- 
ing anibient temperature and sliding  velocity. &durance l i f e  increased 
with  increasing  temperatures to loo00 F but decreased  sli$htly at 
E50° F. Since the  coating material begins to melt at about 13200 F, 
the anibient temperature In thls  Investigation was limfted to 12500 F. 

A serious  lubrication problem has resulted from the  ever-increasing 
temperatures at which many a i r c ra f t  and missile components we  required 
to operate. 'Ibis problem has stimulated  research with so l id  lubricants 
capable of reducing  the  friction and weax of metal surfaces in sliding 
contact a t  high  a&ient  temperatures. 

Previous NACA Lewis research on  bonded lead monoxide coatings  for 
use as high-temperature  dry-film  lu%ricants is described in  reference 1. 
me  coatings were applledby  fusing mixed lead monoxide (BO) and s i l i c a  
(Si%) powders to steel   surfaces in a manner similar to  tha t  employed in 
applying ceramic  enamels. me   e f f ec t s  of coating composition, coating 
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thickness, and ambient temperature were  stuilied.  Coatings w e r e -  found 
tha t ,  at a sl iding  velocity of 430 feet per minute, provided good lubri- b 

eating properties and endurance l ives  from 50O0 to 12500 F. 

Reference 1 indicates that good lubrication is  related to the forma- 
t i on  of glazed wear tracks when high  surface  temperatures  are  generated 
i n  the zone of sliding. Two variables that have a d l r e c t   e f f e c h n   t h e  
averege surface temperature m e  anibient temperature  and sliding  velocity. 
Accordingly, i n  the  present  study,  composition and thickness w e r e  held IP 
constant, and the controlled  vsrriables w e r e  sliding  velocity arrd anjbient 

a 

temperature. 
I- 
\ 

- 

This investigation was conducted t rdetermine the conibined effects  
of mibient  temperature and sliding velocity on the  lubricating p r o w -  
t i e s  of one of the more promising coating  compositions of referenc.e-l. 
me coefficient of f r i c t ion  was determined from 75' t o  12500 F over a 
range of sliding veloci t ies  from 6 t o  10,000 feet  per minute. Endurance 
l i f e  was determined  over the same temperature  range a t  sliding velocit ies 
of 350 and-2400 f ee t  per  minute. 

Apparatus Y 

The appazatus used for  low sliding velocit ies (6 ft/min) i s  de- 
scribed in  reference 2. "The apparatus  used for high sliding velocit ies 
(2400 t o  10, OOO ft/min) i s  described i n  reference 3. The apparatus used 
for  all endurance tests and fo r   f r i c t ion  tests a t  medium sliding  veloc- 
i t i e s  (300 t o  2400 ft/min)  has  not  been  described i n  previous  reports 
and is shown i n  figure 1. The disk specimen was fastened t o  the end of 
a rotating shaft driven by an electr ic  motor through a pulley and be l t  
drive.  Sliding  velocities w e r e  var ied by changing pulley r a t io s  and 
wear-track diameters. The rider specimen w a ~  mounted Fn the base of a 
stainless-steel   pot,  around which two 750-wat.Ghalf-shell heaters were 
mounted to   serve  as  a furnace. The f'urnace assembly wae mounted on a 
rolling-contact thrust bearing  supported through a ver t ica l  loading . 

shaft. Loading w a s  accomplished  by f irst  lowering the disk u n t i l  it 
contacted the r ider  and then  applying a normal upward force  to   the load- 
ing shaft  by means of a lever system. Friction between the  rotat ing disk  
and the  rider tended t o   r a t a t e  the entlre  furnace assenibly on the thrust 
bewing; this rotat ion was restrained through a linkage by a d y n a m o m e t e  
ring.  Friction  force was measured with four   s t ra in  gages attached  to 
the dynamometer ring. 



r 

I 

mACA RM E 5 8 B l l  

Materials 

3 

- 
"I 

-8 
n 

7 -  
3 
V 

The rider specimens were cast  Inconel with Initial room-temperature 
hardnesses of Rockwell El-75 to 80. Each rider was cylindrical  (3/8-in. 
diam. and 3/4-in.  length)  with  a  hemispherical t i p  (3/16-in. rad. ) ground 
on one end. The disk  specimens t o  which the coatings w e r e  bonded were 
type 440-C martensit ic  stainless steel. For sUding veloci t ies  up t o  
2400 feet per minute, the disks had 2.5-inch diameters and w e r e  0.5-inch 
thick; f o r  higher sliding velocit ies,   the disks  had Ei-fnch diameters 
and w e r e  a l so  0.5-inch thick.  Before  the  coatings w e r e  applied,  the 
plane surf aces of each disk w e r e  ground flat and parallel   within 
0.0005 inch. 

The coatings  evaluated in these experiments were prepared from 
mixed PbO and Si% powders. Both oxides were certif ied  reagent grades 
w i t h  par t ic le   s izes  of less thas 200 mesh. 

Coating 

'Phe de ta i l s  of the  coating  procedure =e reported in reference 1. 
In general, a thin layer of dry mixed. powder consisting of 95 percent 
-0 and 5 percent  Si02 (by weight) w&s dusted onto the flat surfaces of 
type 440-C stainless-s teel  disks, which w e r e  then  placed i n  a furnace 
at l65Oo F u n t i l  the powder melted and formed a uniform  molten film. 
me disks were removed from the furnace,  placed on a water-cooled steel 
block, and cooled i n  room air. The coatings were finish ground to   t he  
desired thickness on a surface  grinder with abrasive wheels of alumina 
w i t h  a v i t r i f i e d  bond, about a 46 grit and a K or J hardness.  Peripheral 
wheel speed was  about 4 5 0  f ee t  per minute; 0.0005 t o  0.0002 inch of 
coating material w a s  remved  per  cut. The surfaces w e r e  flooded w i t h  a 
coolant  during  grinding. 

The phase- diagram for the FbO-SiOz system indicates that a melt 
conta,ining 5 percent by weight Si& a d  a  balance of B O  would,  upon 
cooling to room temperature, resu l t  i n  a two-phase s t ruc twe  with an 
equilibrium  composition of 75 percent by weight tetralead s i l i c a t e  and 
a balance of free I30 (ref. 4). The actual  coatings probably approximated 
this composition but were complicated by nonequiljbrium  cooling and by 

oxidation of' the base metal during firing of the specimen a t  l65Oo F. 
- the presence of  about 5 .  percent iron oxide  (Fe304), which was formed  by 
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Prior  to each test ,  both rider and disk specimens w e r e  cleaned 
according t o  the following  procedure: 

(1) Wash with acetone 

(2)  Scrub riders wi th  levigated  alumina'(this  step was omitted i n  
cleaning  coated disks t o  avoid enibedding alumina par t ic les )  

(3) Wash i n .  tap w a t e r  

(4.) Wash i n  dist i l led water 

(5)  Wash i n  95-percent ethyl  alcohol 

(6 )  Dry i n  room a i r  

Ekperimental  Testing 
I 

m e  friction  properties  opthe  coatings at  variars temperatures and 
sliding  velocit ies w e r e  determined as follows: Temperature and load were 
held  constant during each run. Friction was.measured at each sliding 
velocity  for a p e r W a f  time sufficient  to  obtain  representative  values 
(usually 5 t o  15 min). The sliding velocity w a s  then increased, and the 
f r i c t ion  was again  dqkrmined. This procedure waa repeated  unti l  the 
maximum sliding velocit ies were obtained. The t e a t  was then  repeated 
with new specimens by starting a t   t h e  highest Eliding velocit ies and in- 
crementally  decreasing the speed. Speed was varied i n  both  directions 
and w i t h  separate s e t s  of  specimens t o  determine whether the prior sliding 
history of the specimens would have an effect on the  f'riction  properties 
i n  t h i s  type of t e s t .  No appreciable  differences were noted wger the 
conditions  studied. 

u 

. .  

A l l  tests, other  than endurance, were run wi th  the.specimens  under 
a normal load of 1 kilogram. A 2-kilogram load was used in the endurance 
experiments t o  reduce the time  required for . fa i lure  of the coatings. In 
some endurance tests, the fill 2-kilogram load was applied at the begin- 
ning of the run. In others, the specimens w e r e  run i n  a t  incrementally 

* increased  loads  according to  the  following  loading sequence: 2 minute6 
each a t  200, 400, 600, 1000, and 1600 grams, .and, finally,  the balance 
of the test a t  2oM) grams. The two methods of loading were  used In order 
t o  study the effect  of run-in on the   durance   p roper t ies  of the  coatinge 

. . .. .. 



a 
NACA RM E58Bl l  5 

Effect of Sliding  Velocity and Temperature on Fciction 

In general,  friction  decreased when either  sl iding  velocity or 
ambient temperature was increased.  Figure  2(a)  gives  the  friction co- 
eff ic ients  of bonded PbO at three  temperatures for  s l iding  veloci t ies  
i n  the medium-to-high speed range.  Figure 2(b) gives  the  friction 
coefficients of bonded B O  at various  temperatures in the low-to-medium 
speed  range. In  order t o  facilitate discussion,.the data in   these 
ffgures  ere surtunarizeb i n  figure 3, where f r f c t ion  is plotted against 
temperature f o r  a number of  different  sl iding  velocit ies.  The family 
of  constant  velocity  curves was obtained  as  a  series of cross  plots 
through the  faired-in  isothermal m e 6  of figure 2. Figure 3 illus- 
t r a t e s   t ha t ,   a t  a very l o w  sl iding  velocity (6  f t /min) ,   f r ic t ion de- 
creased  almost l inear ly  wLth increased anibient temperature. A t  any 
given sliding  velocity f r o m  300 t o  1200 feet   per minute, a considerable 
decrease i n  f r i c t ion  was obtained as the anibient temperature was in- 
creased from 75O t o  about 5000 F; f r i c t ion  was essentially  constant from 
5OO0 t o  1000° F, and a slight increase In f r i c t ion  occurred from loo00 
t o  1250° F. Similarly, at any given  temperature from 75' t o  1250° F, 
a  considerable  decrease i n  f r i c t ion  was obtained as the sliding velocity 
increased f r o m  6 t o  2400 f ee t  per minute. A t  sliding veloci t ies  f r o m  
2400 t o  10,000 f ee t  per minute, the  f r ic t ion  coeff ic ient  w a s  very low 
(0.05 t o  0.09) and w88 practically  insensitive t o  changes in   e i ther  
sliding velocity  or anibient temperature. 

Effect of Sliding Velocity asd Temperature on Endurance L i f e  

I n  many applications, the endurance l i f e  of bonded solid  lubricants 
is of mre pract ical  importance than  the  coefficient of f r ic t ion .  There- 
fore,  the endurance characterist ics of the B O  coatings w e r e  determined. 

!be bar graphs in   f igure  4 give  the endurance l ives  at 75O, 50O0, 
1000°, and 1250' F with s l i d i n g  veloci t ies  of 350  and 2400 f e e t  per 
minute. In  these  tests,  the  surfaces were run in at  gradually  increased 
loads during  the first 10 minutes of each  experiment. At a  given  &tent 
temperature, the endurance l i f e  (expressed a8 cycles t o  failure) was 
somewhat longer a t  the lower sliding velocity.  Figure 4 fndicates, how- 
ever, that anibient temperature  generally had more effect  than sliding 
velocity on the  cyclic endurance l f f e .  The poorest endurance l i fe  was 
obtained a t  75' F. As the ambient temperature was increased,  the endur- 
ance l i f e  increased and ap-poached a maximum a t  around lo& F, and then 
decreased somewhat a t  I2500 F. The m a x i r u m  ambient temperature a t  which 
the  coatinge  shoulabe  used is l 2 5 O o  F; t h i s  limit is necessary  because 
the  coating  material  begins  to melt a t  about 132W F. 
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EfT ect  of Run- i n  on Endurance L i f e  
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Figure 5 i l l u s t r a t e s  the effect  of run-in on the  endurance l i f e  of 
bonded.Pb0 coatings at 75O and 500° F with a slim velocity of 350 feet 
per  minute. For reference,  the  endurance-life  values  for bonded  molyb- 
denum disulf ide (MoS2) coatings, which  were run under identical  conditions 
as a standard,  are also sham. Run-in at gradually  increased l o d e  did 
not improve the endurance l i f e  of the €'bo coatings. Bonded M3S2 coatings, 
on the  other hand,  appearred to   be  sensi t ive  to  the r a t e  of initial load- i" 

ing. A t  75O F, run-in of the  MoS2 coatings  greatly -Improved endurance P 
l k f e  but, at 5Q0° F, the improvement was s l ight .  

(XI 

4 

A t  room temperature, the enduraixe l i f e  of P b O  coatings was approxi- 
mately equal t o  that O f  MoS2 coatings which had not been i n i t i a l l y  ru~l 
i n   a t   l i g h t  loads. A t  5000 F, the endurance of €'bo coatings was superiar, 
regasdless of the loading rate. A t  10oOo and l 2 5 O o  F, 110 comparisons 
were made because of the chemical ins tab i l i ty  of Mo+ at  these 
temperatures. 

.I 

DISCUSSION OF RESULTS 

Changes Fn sliding  velocity  geneally had a more pronounced effect - 
on the  coefficient of friction  than on the  cyclic endurance l i f e  of the 
PbO coatings.  Increasing the sliding velocit ies rersulted in some decrease 
i n  endurance life but had a very beneficial   effect   fn  lowering the 
f r ic t ion .  

The low friction  associated w i t h  high sliding velocity is  probably 
a t t r ibu tab le   to  the higher surface temperatures  generated at high speeds. 
High surface  temperatures  favor  the  formation of glazes on the  s l iding 
surfaces. Glazes are essentially  noncrystalline i n  structure;  therefore, 
they become quite soft over a considerable  temperature range below the 
melting  point of the corresponding crystall ine material. Within the tem- 
perature range for softening, a glaze under stress flows plast ical ly  o r  
viscously. The higher  the  temperature  within th i s  range, the lower is 
the  shear  strength  (viscosity) and, thus, the friction.  Since  the  thermal 
conductivity of ceramics is very low, most of the fr ic t ional   heat  will be 
confined t o  the surface, while the  bulk of the coating w i l l  be  essentially 
a t  ambient temperature.  Eriction is dependent on surface phenomena in- 
fluencing  interfacial shear; therefore, i t i s  not  surprieing that it should 
be  affected by increases i n  surface temperature accompanying increased 
sliding  velocity. 

Because cyclic endurance l i f e  is more dependent on ambient tempera- 
ture than on Sliding  velocity, endurance is apparently  determined  pri- 
w i l y  by  subsurface or bulk properties of the  coating. With the 
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particular specimen configurations u s e d  in  these experiments  (hemisphere 
against   f la t  coated  surfaces),  each  cycle was essentially a stress  cycle 
over  every par t ic le  of the  coating  in  the sliding zone. This suggests . 
that the  characterist ics of the  coating that determine endurance l i f e   a r e  
properties such as the bond strength through the ceramic-metal t rans i t ion  
layer. 2 

a3 + 
Comparison of the  effects of run-in on the  PbO coatings and the 

reference I'b% coatings  should  be of interest .  The observation  that the 
l i f e  of bonded lh+ i s  improved by careful  run-in  agrees w i t h  reports 
in   the   l i t e ra ture   ( re fs .  5 t o  7 )  concerning orientation of WQ2 crystals.  
Careful preliminary running at moderate loads allows time f o r  the orien- 
ta t ion  of crystals   pr ior   to  the application of high loads. A con- 
siderable mmiber of cycles may be  required t o  strongly  orient Mo& held 
i n  a resinous  matrix.  Properly  oriented  crystals w i l l  have the low- 
shear-strength  planes  parallel t o  the  directfon of sliding, and the 
high-shear-strength  planes w i l l  usually be pa ra l l e l   t o  the direction of 
loading. Such an orientation may impart good compressive strength and 
thereby improve endurance l ife.  Since P b O  coatings were practically 
unaffected by the loading ra te ,   crystal   or ientat ion does not appear t o  
be a fac tor   in  determining the film strength. This is t o  be  expected 
because the  actual  lubricant i s  an amrphous  glaze uith completely iso- 
tropic  properties. 

A further contrast between M Z I ~ ~  and PbO coatings was observed. With 
MoS2 lubrication,  the  coefficient of f r i c t i o n  decreases w i t h  increming 
load (refs .  8 and 9) .  The PbO coatings showed no significant  variation 
in   the  coeff ic ient  of f r i c t ion  as the load was increased f r o m  200 t o  
2000 grams during the run-in p r io r  t o  endurance tests. 

Lead monoxide coatings  provided  excellent  lubrication from 5OO0 
t o  l25Oo F a t  moderate-to-high sliding velocit ies (300 to 10,OOO 
f%/min), and from looOo t o  12500 F at low sl iding  veloci t ies  (6 f t / d n ) .  
Because of very good friction  properties,  good endurance properties, 
and ease of application, I&@ coatings were excellent  at  temperatures 
up t o  about 5Oo0 F. 

SUMMARY OF RESULTS 

Friction and endurance  experiments w i t h  solid  lubricant  coatings 
gave the fol lowing resul ts :  

1. Bonded lead monoxide (BO) coatings were shown t o  be  useful  as 
low-eict ion beezing  surfaces  over a wide range of temperatures and 
sliding velocit ies.  A downward trend i n  f r i c t ion  was obtained when 
ei ther  temperature  or  sliaing  velocity was increased. This trend  applied 
up t o  the maximum useful anibient temperature of  12500 F and up t o  the 
m a x i m  velocity studied (10,000 ft/min). - 
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2 .  Endurance l i f e  increased w i t h  increasing  temperature up to a 
maximum a t  about loO@ F and then  decreased somewhat a t  1250° F. 

3. Run-in of the sliding rmrfkces a t  gradually increased  loads did 
not  appear t o  have any beneficial  effect- on the endurance of  P b O  coatings. 
On the other hand, the endurance l i f e  of the pmticulas resin-bonded 
molybdenum disulfide (Mae) coatings  used as a standard i n  t h i s  investi- 
gation was improved by run-in. A t  room temperature,  the endurance l i f e  
of the €bo coatings was about t he  same as that  of resin-bonded Mo+ 
coatings that  had not been run In. A t  500' F, endurance of the PbO coat- 03 c-r 
ings was superior t o  that  of MOS2, regardless of the run-in procedure. 4 

rp 

4. Bonded PbO coatings m e  intended  primarily fo r  hlgh-temperature 
applications. High f r i c t ion  was obtained a t  room temperature,  except 
a t  sliding velocit ies  in  excess of loo0 feet per mfnute. However, the 
reasonable endurance l i f e   a t  room temperature  indicated that  the coating6 
can be usef" i n  many high-temperatme applications that  require   s tar t ing 
at, or  cycling through, room temperature. 

Lewis Flight Propulsion Laboratory 
National  Mvisory Committee fo r  Aeronautics 

Cleveland, Ohio, February 17, 1956 
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Figure 1. - Apparatuus for all.endurance tests and . for  f r l c t i o n  tests at 
medium sliding ve loc i t i e s  of 300 to 2400 f e e t  per  minute. 
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a i d i n g  velocity, f i . t / d n  

(a) Medium-to-high sliding  velocities. 

Mgure 2. - Prict lon coefficient of bonded lead monoxide coatings a t  
various slidhg velocities. Load, loo0 grams; r ide r ,  cast &conel 
hedsphere (3/16-in. rad.); coatings, 0.001 inch thick on type 
440-C staLnles6-steel f l l s b .  
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12 NACA RPI E58Bl l  . 

" 

0 400 800 1200 1600 2000 2400 
Sliding  velocity, it/& 

(b)  Low-to-medium sliding velocities. 

Figure 2. - Concluded. Rriction CoefZicient of bonded lead monoxide 
coatings at various sliding velocities.  Load, loo0 grams; rider, 
cast Inconel hemisphere (3/16-in. rad.); C O E t i n g S ,  0.001 .inch thick 
on type 440-12 stainlem-steel  dfsks. 
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w e  3.  - &oes plots of figures 2(a) and (b) ,  sumnarizjng friction coefficient of 
bonded lead wnoxide base coatings wer the complete range of sliding velocit ies 
and ambient temperatures  investigated. Load, loo0 grams; rider, cast  Inconel 
hemisphere (3/16-1n. rad.); coatings, 0.001 inch thick on type U ! 2 - C  s t a i n k m ~ -  
s tee l  alsks. 

. ... 
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Figure 4. - EPfect nf a d i e n t  temperature and s l id ing  velocity on endur- 
ance of bonded lead monoxide base coatings after run-in. Test load, 
2000 grams; rider, cast  W o n e l  hemisphere (3/16-h. rad.); coaiAngs, 
0.001 inch thick on type 440-C stainleas-steel dieke. 
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(b) Temperature, 75O F. 

tFigure 5. - Effect of run-in on endurance of lead monoxiae coatings a t  
75O and 506‘ F with reference to standard, bonded molybdenm disulfide 
coatings  (cycles during run-in not included in   l ines  shown). Test load, 
Zoo0 grams; rider,  cast  Inconel (3/16-in. rad.);  sliding  velocity, 
350 feet per minute; coatings, 0.001 inch thick on type 4 4 0 4  stainless- 
steel disks. 




